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The crack opening and craze proﬁles near a crack tip in a polytetraﬂuoroethylene have
been experimentally investigated. A double-edge-crack plate specimen under uniaxial
tensile load was used in the experiment and the experimental procedure was performed
using the Digital Image Correlation method, which is a well-established optical-numerical
method for estimating full-ﬁeld displacement. A theoretical model of the stress intensity
factor based on linear elastic fracture mechanics combined with a classical saturated
expression was proposed. The proposed model is in good agreement with experimental
data and predictions of the model may be used to verify the non-linear behavior from
crack and craze (cohesive) zones.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Polytetraﬂuoroethylene (PTFE) has received consider-
able attention mainly due to its chemical and mechanical
characteristics. It is a semi-crystalline polymer that has
been employed in a wide range of industrial applications.
Experimental investigations of PTFE under tension and
compression have been reported [1,2]. Ratcheting behavior
of PTFE has been studied at room temperature as well as
elevated temperature [3,4]. Recently, an alternative math-
ematical model has been proposed for predicting the
mechanical behavior of PFTE in tensile loading at different
strain rates [5]. Mixed-mode fracture in PTFE has also been
investigated [6]. A series of fracture experiments have been
performed for explaining the role of the crystalline phase
on fracture in PTFE [7].
Over the past decade, there has been a growing interest
in metal and polymer fracture. Detailed analysis of stress,
strain and displacement ﬁelds near the crack tip, based on
linear elastic fracture mechanics (LEFM), has been pre-
sented by Irwin [8], Williams [9] and many otherlsevier OA license.researchers [10,11]. A different approach to describe the
plastic zone was proposed by Dugdale and Barenblatt
[12,13,14]. Several works based on crack and plastic zone
investigations have been published [15–19]. More recently,
some works in nonlinear fracture mechanics have been
developed [20,21].
Different optical methods, such as moiré interferometry
and interference microscopy, have been employed to
investigate displacement ﬁelds around a crack tip [18,22].
In recent times there have been several works that use
Digital Image Correlation (DIC) to estimate displacement
(or deformation) ﬁelds near the crack tip [23–27]. DIC is
now one of the most commonly investigated methods,
being largely improved and applied over recent years
[10,11,28–33].
In investigation of the mechanical behavior of PTFE (the
same material as in the present work) in tensile loading
under different strain rates, Nunes et al. [5] have observed
the rate dependence of the ﬂow stress, exhibiting very high
tensile elongations (gt; 100%). Under superplastic condi-
tions, ﬂow stress is very low and extremely high elonga-
tions are observed in tension tests. Therefore, the complex
material behavior of PTFE may be considered superplastic.
It was also observed that PTFE has exhibited a nonlinear
response at small deformations (< 4%). Hence, despite all
Fig. 1. (a) Schematic illustration of the double-edge-cracked plate subjected
to tensile load; (b) coordinates deﬁned with the origin at the crack tip.
L.C.S. Nunes / Polymer Testing 31 (2012) 375–383376contributions, there is clearly a need to explore other
constitutive approaches to understand the fracture
mechanical behavior of PTFE. Moreover, it is important to
mention that there is an experimental limitation to esti-
mate displacement (or deformation) on PTFE due to phys-
ical properties, such as difﬁculties in adhesion. For this
reason, the application of non-contacting techniques for
measuring specimen strain is more suitable.
In the present paper, the crack opening and craze
(cohesive zone) proﬁles of PTFE near the crack tip are
investigated. A double-edge-cracked plate specimen of
PTFE, with a well-established geometry, is subjected to
a tensile load. The experimental test is performed in quasi-
static conditions and at room temperature. In order to
estimate the crack-craze proﬁles, the full-ﬁeld displace-
ment near the crack tip is measured through the DIC
method. An alternative expression of the stress intensity
factor for describing the nonlinear experimental response
is proposed. The proposed model based on a classical
saturated model and linear elastic fracture mechanics is
comparedwith experimental data and the LEFMmodel. It is
important to emphasize that the presentmodel is proposed
only for small deformations. The main contribution of this
work is to present additional information aboutmechanical
fracture behavior of PTFE.
2. Experiments
2.1. Material and specimens
The material used in this work was a synthetic ﬂuo-
ropolymer of tetraﬂuoroethylene, known as polytetra-
ﬂuoroethylene - PTFE (DuPont Teﬂon) that is
characterized by a density of 2.18  103 kg/m3 and
a melting temperature about 327 C. This commercially
available PTFE was chosen due to its especial physical
characteristics, and the fact that it is widely used in
mechanical, electrical and petrochemical industries. The
geometry of the double-edge-cracked plate specimen was
as follows: crack length, a, equal to 3.0 mm; width of plate,
W, equal to 25 mm; thickness of plate, t, equal to 2 mm and
the length of plate equal to 250mm. The schematic shape is
illustrated in Fig. 1.
2.2. Digital image correlation method
The Digital Image Correlation (DIC) method is a power-
ful optical-numerical method developed to estimate full-
ﬁeld surface displacement, being well documented in the
literature [10,11,31]. This method has been considerably
improved over recent years [30,32]. The well-known prin-
ciple of the DIC method is to match maximum correlation
between small zones (or subsets) of the specimen in the
undeformed and deformed states. The specimen surface is
coated by a random pattern in order to provide a grayscale
distribution with sufﬁcient contrast. To determine the
displacement of each point, a square reference subset, f, of
(2Mþ1)  (2Mþ1) pixels from the undeformed image is
chosen and it is used to ﬁnd the corresponding target
subset of (2Nþ1)  (2Nþ1) pixels from the deformed
image, g.Mand N are positive integers, withM<N. For thispurpose, minimizing the correlation coefﬁcient is taken
into account. From a given image-matching procedure, the
in-plane displacement ﬁelds designated by u(x,y) and v(x,y)
associated with x and y coordinates can be computed. Fig. 2
illustrates the scheme of the DIC method.
2.3. Experimental setup
Tensile loads were applied to the double-edge-cracked
plate specimen through a simple apparatus. The spec-
imen (white) was sprayed with black paint to obtain
a random black and white speckle pattern in order to
perform the correlation procedure. The specimen geometry
was described in section 2.1. A CCD camera (Sony XCD-
SX910) set perpendicularly to the specimen was used for
capturing the image near the crack tip. All images were
acquired using a 10xZoom C-Mount lens. Fig. 3 shows the
experimental arrangement containing all the components
in detail. It is important to emphasize that the experiment
test was carried out in quasi-static conditions and at room
temperature, i.e., 25 C.
The images of the undeformed and deformed specimen
were captured and processed using a DIC program (home-
made DIC code) in order to estimate the displacement
ﬁelds. The size of the measurement ﬁeld was 1280  960
pixels and the reference and target subsets equal to 3131
and 71  71 pixels, respectively. The accuracy of this
method is approximately equal to 0.01 pixels.
3. Results and discussion
3.1. Experimental results
In order to investigate the crack-craze opening proﬁles,
a small region near the crack tip was selected. In Fig. 4, a set
of images associated with different applied loads (0, 89,
194, 304, 400, 450, 455 and 500 N) is illustrated. It can be
Fig. 2. Scheme of the Digital Image Correlation method.
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evident propagation is not observed.
Full-ﬁeld v-displacements were obtained by means of
the DIC program, the principle of which was described in
section 2.2. In the present analysis, only the v-displacement
ﬁelds were taken into account, being associated with the
crack opening direction. Fig. 5 shows three-dimensional
displacement proﬁles for applied loads equal to 89, 304,
450 and 500N.
The crack-craze opening proﬁle may be obtained
considering the v-displacement along the crack as a func-
tion of x-coordinate at y around zero (y ¼ 0þ and y ¼ 0).
Fig. 6 illustrates the v-displacement at y ¼ 0þ for different
applied loads. Due to symmetry, only positivedisplacements were taken into account. These results may
be separated into two parts: crack and craze zones, being
associated with crack opening and cohesive zone (or
deformed zone) respectively. Herein, it is assumed that the
maximum slope of the v-displacement deﬁnes the limit
between the crack and the craze zones. The slopes of the v-
displacement proﬁles are plotted in Fig. 7. The values of
maximum slope increase with applied loading, varying
approximately from 3.0 to 3.4 mm. It is important to note
that the initial crack length was 3.0 mm.
The crack tip opening displacement (CTOD) values were
determined taking the v-displacements at x-coordinate
equal to initial crack length, i.e., x ¼ 3.0 mm. Another
important parameter, known as crack extension (Da), may
Fig. 3. Experimental set-up.
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maximum slopes. The values of CTOD and Da as a function
of the tensile load are illustrated in Fig. 8 and Fig. 9,
respectively.
It is possible to note that the CTOD values increase
nonlinearly with tensile load, while the Da values increase
and then tend to a constant value. It is interesting to note
that the nonlinear behavior of PTFE under uniaxial tensionFig. 4. Region near the crack tip: crack ohas been reported in literature [5]. In addition, the spec-
imen deformations were very homogeneous.3.2. Displacement and strain ﬁelds near a crack tip
Fig. 1(b) illustrates the crack tip scheme and notation for
ﬁeld components around the crack, which may be written
in terms of the polar coordinates centered at the crack tip.
For a single term in the series representative of the ﬁeld
quantities, the displacement and deformation ﬁelds near
the crack-tip for plane stress conditions assuming a homo-
geneous, isotropic and linearly elastic solid and opening






























In Equation (1), the parameters w0 and v0 represent the
rigid rotation and rigid translation [25], which need to be
experimentally determined. The shear modulus is given
by m ¼ E=2ð1þ nÞ with the modulus of elasticity and Pois-
son’s ratio deﬁned by E and n, respectively. For the
geometrical shape, as shown in Fig. 1(a), the opening mode
stress intensity factor KI depends linearly on the applied
load s and is a function of the crack length a and the
geometry of the cracked specimen. In the present case, thepening for different applied loads.
Fig. 5. Three-dimensional v-displacement proﬁles for different applied loads.
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f ða=WÞ ¼ 1:12 0:2ða=WÞ  1:2ða=WÞ2 þ 1:93ða=WÞ3 for
0 < a=W < 0:7Fig. 6. Experimental measured v-displacement proﬁles near the crack tip
(y ¼ 0þ).3.3. Proposed model
For analysing the crack and craze opening displace-
ments, the schematic representation of v-displacement as
illustrated in Fig 10 is used. In this scheme, the region of
analysis is divided into two parts, one is related to
displacement of crack opening, which is designed by d (half
size of total displacement) and has a length equal to initialFig. 7. Slopes of the v-displacements.
Fig. 8. Measured CTOD values for different applied loads.
Fig. 10. Scheme with the crack and craze zones.
L.C.S. Nunes / Polymer Testing 31 (2012) 375–383380crack a, and the other is the deformation (or craze zone)
that has a length of rp.
The proposed mathematical model is also divided into
two parts which are associated with crack and craze zones
(cohesive zone) in agreement with the scheme previously
presented (see Fig. 10). To ﬁnd an alternative expression for
modeling the mechanical behavior of crack-craze opening




















; for craze zone
(4)
This expression is based on Eq.(1) and Eq.(2) assuming
q ¼ p and q ¼ 0, respectively. The stress intensity factor is
a function of the length and position of the crack, and the
specimen geometry as well as the applied load. Here, the
nonlinear behavior is assumed to be speciﬁed by the stress
intensity factor, KNLI , being a function of stress.Fig. 9. Measured Δa values for different applied loads.
Fig. 11. Stress-strain curve for low strain-rate and room temperature: (a)
large deformation and (b) small deformation [5].
Fig. 12. Measured crack-opening proﬁles for different applied loads.
Fig. 14. Comparison of estimated parameter C1 and proposed coefﬁcient:
crack zone.
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PTFE in the case of a tensile test is considered. The
nonlinear behavior observed in the stress-strain curve of
PTFE was achieved by Nunes et.al. [5] using the same
material as in the present work. Fig. 11(a) and (b) illustrate
the true stress-strain curve of PTFE for quasi-static load and
room temperature, considering large and small deforma-
tions, respectively.
To predict the nonlinear behavior of PTFE under tension
for small deformation (< 4%), the following classical satu-
ration model was proposed,
s ¼ sf ½1 expðbεÞ (5)
where sf is deﬁned as the ﬂow stress and b is a positive
material constant. With vs=vεj
ε/0 ¼ sf b ¼ E
Considering Eq. (3) and Eq. (5), the intensity stress factor
is assumed as











(6)Fig. 13. Measured craze-opening proﬁles for different applied loads.3.4. Parameters identiﬁcation and validation
In order to ﬁnd the best ﬁt to experimental data, the















; for craze zone (7)
where C1, C2, w0, v0, y0 and ε0 must be experimentally
determined. It is important to note that for validating the
proposed model only C1 and C2 are taken into account. The
validation is concerned with comparing C1 and C2 with the









The proposed stress intensity factor KNLI , which is deﬁned in
Eq.(6), is evaluated considering sf ¼ 9:56MPa,
E ¼ 1:54 GPa and n ¼ 0:45 from experimental data of
Fig. 11(b) (obtained from tensile testing [5]).
Figs. 12 and 13 illustrate the crack and craze opening
displacements experimentally measured for different
applied loads. In addtion to the experimental data, theFig. 15. Comparison of estimated parameter C2 and proposed coefﬁcient:
craze zone.
Fig. 16. Estimated parameters for different applied loads.
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cases, values for all parameters C1, C2, w0, v0, y0 and ε0,
presented in Eq. (7), were estimated through the
Levenberg-Marquardt parameter estimation method,
which is a well-known powerful iterative method for
solving nonlinear least-squares parameter estimation
problems.
The comparison between the estimated values of the
parameters C1 and C2 and the values obtained from the ﬁrst
terms of Eq. (4), considering Eq. (6) with sf ¼ 9:56MPa,
E ¼ 1:54 GPa and n ¼ 0:45, are shown in Fig.14 and Fig.15.
In addition, the ﬁrst terms of Eq. (4), assuming the stress
intensity factor from linear elastic fracture mechanics
(LEFM) (see Eq. (3)), are also presented for comparison
purposes.
Overall, the results indicate that the proposed model,
considering a nonlinearity of the stress intensity factor, is in
agreement with the experimental data. The small discrep-
ancy may be attributed to material response that is very
complex and presents a strain rate dependency. Moreover,
the analysis of crack and craze opening using classical
linear elastic fracture mechanics, as expected, is not suit-
able for predicting the experimental response.
Fig. 16 shows the estimated values of the parametersw0,
v0 and ε0 as a function of normal stress. Note that those
parameters are approximately equal to zero for stress
values less than 6 MPa. In this case, without loss of gener-
ality, the proposed model and LEFM tend to the achieved
values.4. Conclusion
In the present work, the crack and craze opening of
polytetraﬂuoroethylene were analyzed. The displacement
ﬁelds near the crack tip were experimentally achieved by
means of the digital image correlation method. An alter-
native mathematical model based on elastic linear fracture
mechanics, assuming a nonlinearity of stress intensity
factor was proposed. The proposed model was compared
with experimental data, showing good agreement. As
a closing remark, one should mention that the alternative
model herein presented has the advantage of being able todescribe the crack-craze opening proﬁle using a simple
approach.
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